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Effective control of post-extraction hemorrhage and alveolar bone resorption is critical for successful extraction
socket treatment, which remains an unmet clinical challenge. Herein, an injectable Tetra-PEG hydrogel that
possesses rapid gelation, firm tissue adhesion, high mechanical strength, suitable degradability, and excellent
biocompatibility is developed as a sutureless and coagulation-independent bioadhesive for the management of
extraction sockets. Our results demonstrate that the rapid and robust adhesive sealing of the extraction socket by
the Tetra-PEG hydrogel can provide reliable protection for the underlying wound and stabilize blood clots to
facilitate tissue healing. In vivo experiments using an anticoagulated rat tooth extraction model show that the
hydrogel significantly outperformed clinically used cotton and gelatin sponge in hemostatic efficacy, wound
closure, alveolar ridge preservation, and in situ alveolar bone regeneration. Histomorphological evaluations
reveal the mechanisms for accelerated bone repair through suppressed long-term inflammation, elevated
collagen deposition, higher osteoblast activity, and enhanced angiogenesis. Together, our study highlights the
clinical potential of the developed injectable Tetra-PEG hydrogel for treating anticoagulant-related post-
extraction hemorrhage and improving socket healing.

against complex oral environments for wound hemostasis and healing,
resulting in several adverse events, including secondary bleeding, dry

1. Introduction

Dental extractions become unavoidable in some cases, including
caries, periodontal diseases, traumatic injuries, orthodontic and pros-
thodontic treatments, root fractures, and endodontic failures [1,2].
Surgical repair of extraction wound is routinely performed by closure of
the defect with sutures or applying mechanical compression including
the use of medical cotton balls, gauze, or gelatin sponge. However,
despite being the standard of care, these methods generally have
inherent drawbacks. Suturing is technically challenging and
time-consuming and can cause local tissue damage [3-5]. Meanwhile,
traditional dressings cannot provide durable and effective protection
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socket, delayed wound repair, and infection [6,7]. Moreover, unex-
pected post-extraction bleeding arising from local and systemic factors is
frequently encountered (i.e., up to 26% incidence), which is often
challenging to manage with the existing hemostatic agents [8,9]. These
situations become more urgent and life-threatening for patients on
long-term anticoagulant therapy, especially considering that dental
surgeries are nowadays recommended to be carried out without
reducing or discontinuing anticoagulant therapy to prevent the recur-
rence of thromboembolism [10,11]. As a result, developing new stra-
tegies for socket wound care to offer rapid and coagulation-independent
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hemostatic sealing is highly desirable but remains a critical challenge.

The physiologic or pathological bone remodeling process following
tooth extraction can lead to alveolar bone resorption, which has been
reported to be 29-63% horizontal bone loss within the first 6 months,
resulting in a significant compromised function and esthetics outcomes
of the subsequent dental implant rehabilitation [12,13]. To minimize
this inevitable complication, the application of graft materials, barrier
membranes, and bioactive agents, either alone or in combinations, have
been proposed to guide bone regeneration in terms of maintaining
adequate ridge volume and enhancing bone formation [14-16]. How-
ever, these reconstructive technologies display limitations, such as sec-
ondary lesions, short supply, risk of disease transmission or
immunogenic reaction, and poor long-term results [17,18]. More
recently, several new biomaterial scaffolds have been developed
[19-23]. For example, Niu et al. developed a polyphosphate-crosslinked
collagen scaffold for promoting bone regeneration [19]. Yin et al.
designed a porous shape memory scaffold with self-adaptive and
anti-bacterial functions to fill the socket and boost alveolar bone
regeneration [20]. Liu et al. reported a supramolecular photothermal
cascade nanoreactor based on chitosan-modified palladium nano-cube,
glucose oxidase, and ferrous iron for accelerating the healing of infec-
ted tooth-extraction wounds [23]. Although improvement in alveolar
bone repair is achieved, particular concerns with these features of
scaffolds are their poor fluid-tight sealing, and/or inadequate mechan-
ical performance, and even potential toxic by-products, making them
insufficient for effective bleeding control and wound protection in the
dynamic and wet oral environment.

In light of these shortcomings, the clinical needs have motivated
tremendous efforts to develop wound dressings that feature superior
biocompatibility, rapid bleeding control, and excellent alveolar bone
reservation for tooth extraction treatment. Hydrogel-based bio-
adhesives, especially injectable hydrogels, have emerged as a promising
option for wound management, owning to their structural similarity to
the extracellular matrix, tunable physicochemical properties, and ability
to fill the deep and complex-shaped voids with minimally invasive
surgery [3,24-32]. Furthermore, the sutureless adhesive sealing of the
sockets physically by bioadhesive can achieve
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blood-coagulation-independent hemostasis and reduce the risk of bac-
terial infection, which is particularly crucial in emergency clinical set-
tings [33-36]. However, commercially available injectable bioadhesives
(e.g., fibrin glue, cyanoacrylates, and albumin-based BioGlue) often
suffer from limitations such as weak and/or slow adhesion on wet tis-
sues, poor mechanical properties, and potential immunogenicity [4,
37-39]. These shortcomings underscore the unmet clinical needs and
the importance of developing new bioadhesives for effective socket
wound care.

Numerous studies have shown that the formation of blood clots
within the socket after extraction is a fundamental step in wound
healing [40,41]. These clots not only stop bleeding but also serve as a
provisional matrix to protect the denuded tissues and support cell
migration [42,43]. Moreover, the autologous blood clots can also
initiate and regulate the local immune microenvironment and release
growth factors for the following well-orchestrated physiological process
of bone healing [44,45]. Therefore, it is of significant importance to
maintain the stability of post-extraction blood clots during the
early-stage healing period in dental health care.

Here, we describe an injectable and biocompatible hydrogel as a
sutureless and coagulation-independent bioadhesive for treating post-
extraction bleeding and alveolar bone resorption (Scheme 1). The
hydrogel (Tetra-PEG) is composed of two US Food and Drug
Administration-approved components: tetra-armed poly(ethylene gly-
col) succinimidyl succinate (Tetra-PEG-SS) and tetra-armed poly
(ethylene glycol) amine (Tetra-PEG-NHjy). When injected into the deep
and bleeding extraction socket, the fast ammonolysis reaction between
Tetra-PEG-SS and Tetra-PEG-NH; ensures rapid in situ hydrogel forma-
tion. Meanwhile, robust wet tissue adhesion is formed through the co-
valent bonding between NHS groups and tissue amines [3,36].
Furthermore, the highly uniform network structure of Tetra-PEG
hydrogel enables strong mechanical strength to protect the wound
from various irritants [46]. In addition, the rapid biodegradation of the
designed Tetra-PEG hydrogel is able to mitigate the inflammatory
response and provide space for new tissue formation [36]. Based on
these fascinating features, the engineered Tetra-PEG hydrogel can offer
rapid and robust adhesive sealing of the extraction socket, potentially
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Scheme 1. Schematic illustration of the Tetra-PEG hydrogel bioadhesive for post-extraction hemostasis and alveolar bone regeneration. (A) Chemical structures of
the Tetra-PEG hydrogel and a schematic diagram illustrating the adhesive interface formed through covalent amide bond cross-linking. (B) The rapid and robust
adhesive sealing of the socket wound through in situ gelation of the injectable Tetra-PEG hydrogel can effectively halt post-extraction bleeding and stabilize the blood
clots for tissue healing and bone regeneration. (C) In comparison, the filled gelatin sponge fails to provide durable and effective protection for the socket wound,
resulting in partial loss of the blood clots, delayed wound healing, and poor bone formation.
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addressing key limitations of sutures and commercially available
dressings. We systematically characterized the gelation, mechanical
strength, swelling ratio, tissue adhesive, and blood clot stabilization
properties of the Tetra-PEG hydrogel. The coagulation-independent
hemostatic ability and soft tissue wound healing effect of the hydrogel
were evaluated in a heparinized rat anterior tooth extraction model,
compared to the clinically used cotton and gelatin sponge. We further
investigated the alveolar ridge preservation and in situ alveolar bone
regeneration by this hydrogel through micro-CT and histomorphological
analyses in vivo.

2. Materials and methods
2.1. Materials

Hydroxy-terminated tetra-arm poly(ethylene glycol) (Tetra-PEG-OH,
M,y = 10 kDa) and tetra-arm poly(ethylene glycol)-amine (Tetra-PEG-
NHj, M,, = 10 kDa) were purchased from Sinopeg Biotech Co., Ltd.
(Xiamen, China). Artificial saliva (AS, pH 7.4) was obtained from
Coolaber (Beijing, China). Succinic anhydride, N-(3-dimethylamino-
propyl)-N-ethylcarbodiimide hydrochloride (EDC) and N-hydrox-
ysuccinimide (NHS) were obtained from Energy Chemical, China. The
fresh porcine tissues (skin, jaw, and palatal mucosa) were purchased
directly from a local market. Tetra-armed poly(ethylene glycol) succi-
nimidyl succinate (Tetra-PEG-SS) was prepared according to our previ-
ous reports [36], and the experimental details were provided in the
Supporting Information.

2.2. Instrumentations

'H NMR spectra were analyzed on a Bruker AVIII HD 400 MHz NMR
spectrometer (Bruker, Germany), and FT-IR spectra were collected using
KBr pellets on a Nicolet Magna IR-750 FT-IR spectrometer (Nicolet,
USA) at room temperature. Scanning electron microscope (SEM) images
of the samples were captured using a Hitachi Regulus 8100 (Japan) at
20 kv.

2.3. Hydrogel preparation

Tetra-PEG-NH; and Tetra-PEG-SS were individually dissolved into
PBS solution (pH 7.4) with a designed final concentration of 10 wt%, 15
wt%, and 20 wt%, respectively. Subsequently, the Tetra-PEG hydrogel
was prepared by mixing the two solutions with equal volume using a
dual syringe.

2.4. Gelation time test

Since the hydrogel was applied to the bleeding site that was full of
blood, the gelation time of the Tetra-PEG hydrogel was evaluated by
injection of the precursor solution (10 wt%, 15 wt%, and 20 wt%) into an
equal volume of citrated porcine whole blood. The gelation time was
defined as the time when no liquid flowed upon inverting the vial. Each
experiment was repeated three times.

2.5. Swelling ratio test

Cylindrical hydrogels (20 mm in diameter and 3 mm in height)
(initial wet weight measured as W) were immersed in 10 mL of
deionized water, artificial saliva, and anticoagulated porcine blood at
37 °C, respectively (n = 5 per sample). The hydrogels were taken out at
specific time intervals, and the surface water was removed with filter
paper and weighted as W;. The swelling ratio (SR) was calculated as SR
(%) = (Ws-Wp)/Wy x 100%.
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2.6. Compression test

The compression performances of the pristine hydrogels and the
hydrogels at swelling equilibrium state in deionized water, artificial
saliva, and anticoagulated porcine blood were performed using a uni-
versal tensile machine (ETN503A WANCE, China) at a strain rate of 5.0
mm/min (n = 3 per sample) until hydrogel fracture or the compressive
strain reached 90%. The precise dimensions of each hydrogel were
measured using a digital caliper.

2.7. Adhesive strength

To assess the adhesive strength, Tetra-PEG-NH;, and Tetra-PEG-SS
precursor solutions were separately applied to the end surface of two
different porcine skins (rectangle sizes of 50 mm x 15 mm) with an area
of 15 x 15 mm evenly. Then, the two porcine skins coated with polymer
solution were attached and placed under a 500 g weight for 30 s. The
lap-shear adhesive strength of the sample was measured using a uni-
versal tensile machine (ETN503A WANCE, China) at a strain rate of 5.0
mm/min (n = 3 per sample). The adhesive strength of the attached
samples after reaching equilibrium in deionized water, anticoagulated
porcine whole blood, and artificial saliva was also tested.

Torsion assay was also employed to evaluate the adhesive stability of
the Tetra-PEG hydrogel to the porcine mucosal tissue. The Tetra-PEG
hydrogel was administered onto the tissue surface using a dual sy-
ringe. Then, the bending and twisting deformations were applied to the
tissues, and the torsional pictures were captured. The adhesive in-
terfaces between the Tetra-PEG hydrogel and the rat tissues (gingiva and
alveolar bone) were examined using scanning electron microscopy
(SEM) and hematoxylin and eosin (H&E) staining.

2.8. Invitro sealing stability

The premolar teeth of the porcine jaw were extracted, and the
extraction sockets were rinsed extensively with PBS. Afterward, the
citrated porcine whole blood was injected into the extraction sockets,
followed by sealing with the Tetra-PEG hydrogel or gelatin sponge. The
untreated extraction socket was tested as a control. The sealed porcine
jaw was then immersed in a PBS buffer containing a large amount of
dispersed rat food. The shear forces were induced by stirring, mimicking
the dynamic environment in the oral cavity. Photographs of the
extraction sockets were taken to monitor the sealing stability. In addi-
tion, the stabilization of blood clots was also evaluated by the method
described above using recalcified citrated blood, and the sealed porcine
jaw was transferred into the rat food desperation solution after 10 min of
blood clotting. The extraction socket filled with recalcified citrated
blood was taken as control.

2.9. Invitro degradability

The cylindrical Tetra-PEG hydrogels (10 mm diameter and 5 mm
height) after lyophilization were weighted (Wg) and then submerged in
artificial saliva or anticoagulated porcine blood in a shaking incubator at
37 °C (n = 5 per sample), respectively. The hydrogel samples were
weighed (W) at specific intervals after lyophilization. The degradation
behavior of hydrogel was characterized as the mass remaining (%),
which was calculated as mass remaining (%) = Wy/W4 x 100%.

2.10. Cell viability

1.0 g of Tetra-PEG hydrogel was first immersed into the Dulbecco’s
modification of Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin (10 mL) for 24 h to
obtain the hydrogel leachate. The human gingival fibroblasts (HGFs)
(Procell, China) and rat bone marrow stem cells (BMSCs) (Procell,
China) were seeded at 2000 cells/well on 96-well plates. After 24 h of
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incubation at 37 °C in 5% COs, the cells were treated with hydrogel
leachate and incubated for different times (1, 2, and 3 days). The cells
treated with normal culture media were used as the control. The cell
viability was assessed using the CCK-8 assay by measuring the absor-
bance at 450 nm using a microplate reader (n = 5). Besides, the cells
were stained with a LIVE/DEAD Viability/Cytotoxicity Kit to visualize
the cell morphology by a Leica DMi8 inverted fluorescence microscope
(Leica Microsystems CMS GmbH, Germany).

2.11. Anterior tooth extraction in rat model

The animals were obtained from Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China), and all animal studies on rats
were conducted in strict adherence to the protocols approved by the
ethical committee of Southern University of Science and Technology
(Protocol No. SUSTech-JY202109009). Before commencing the experi-
ment, Sprague-Dawley (SD) rats (8 weeks old, weighing 250-300 g)
were allowed to acclimatize for one week. In this study, the rats were
randomly allocated to three groups (n = 12 per group). An intraperi-
toneal injection of 2% pentobarbital sodium (at a dose of 50 mg/kg) was
administered for anesthesia. Penicillin (80000 U) was given after anes-
thesia via intramuscular injection to prevent infection.

After anesthesia, the SD rat naturally opened its mouth and exposed
the mandibular anterior teeth. A homemade rat gingival separator was
first used to separate the gingival tissue, with a slight rotation of the
gingival separator was used to facilitate teeth loosening and prevent
damage to the surrounding soft tissue during tooth extraction. Subse-
quently, an intraperitoneal injection of heparin solution (2500 U/kg)
was performed, and the rat was then positioned on a table with the limbs
fixed using thick ropes. After a 10-min wait for the heparin to take effect,
the anterior tooth was clamped with dental forceps, and the beak of the
forceps was aligned with the long axis of the teeth. At this point, the rat’s
neck was tilted backward slightly, and gauze was placed under the head
to protect the cervical spine. Then, the tooth extraction forceps were
carefully manipulated to release the teeth. The surgery operation needed
to be halted as there was a noticeable sensation of anterior tooth
detachment. The rat was lying on its side to prevent the entrance of
blood into the trachea after tooth removal. Finally, the entire anterior
tooth was extracted slowly. The same tooth extraction procedure was
also applied to the normal rats, except for the injection of heparin.

2.12. Hemostatic efficiency

After successfully establishing the anterior tooth extraction model in
SD rats with or without heparin, the bleeding wound was immediately
treated with Tetra-PEG hydrogel that formed in situ. The wounds treated
with cotton ball (CO) by continuous manual pressure and the wounds
filled with gelatin sponge (GS) were used as control groups. The blood
loss in each group was collected using a pre-weighted cotton roll and
measured as the weight change of the cotton roll before and after blood
absorption. The time to hemostasis was also recorded for each group.
The sealed wounds were monitored for another 3 min to ensure com-
plete hemostasis.

2.13. Soft tissue healing

To evaluate the healing progress of the soft tissue, the extraction area
of each rat was observed daily using a camera. The wound area was
analyzed using ImageJ software (version: 1.52n).

2.14. Micro-CT analysis

The bone morphology within the tooth extraction socket at days
0 and 28 was analyzed by in vivo micro-CT (SkyScan 1276, Bruker,
Belgium) operated at 100 kV and 200 pA. The SD rats were anesthetized
with 2% isoflurane and securely positioned on the micro-CT scanning
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table. A 180-degree rotation scanning was performed. The acquired raw
images were reconstructed using the NRecon software (version: 1.7.1.6)
using the same parameters for all rats. CTvox software (version: 3.3), a
3D visualization software, was employed to visualize the bone formation
within the tooth extraction socket.

To evaluate the alveolar ridge height and width variations, the
bilateral mandibles of the rats were carefully separated without
damaging the mandibular midline joint after euthanasia by CO, inha-
lation on day 28 after surgery. The explanted bilateral mandibles were
fixed with 4% paraformaldehyde solution into 50 mL centrifuge tubes
for 48 h. Then, the centrifuge tubes were securely fixed to the sample
table, and a 180-degree rotation scan was conducted (100 kV, 200 pA).
NRecon, CTvox, and ImageJ software were used to analyze the changes
in alveolar ridge height and width.

To further evaluate the in vivo osteogenesis, the mandible was iso-
lated at days 7 and 28 and fixed with 4% paraformaldehyde solution.
Each specimen was scanned using 180-degree rotation at 100 kV and
200 pA. The original scanned images were reconstructed using NRecon
software. Dataviewer (version: 1.5.4.6) and ImageJ software were used
for the image analysis of bone formation in the sagittal and coronal
planes. Bone density (BMD) and bone volume/total volume (BV/TV) in
the defect area were quantitatively analyzed from the micro-CT images.
CTAn software (version: 1.17.7.2) was used to reconstruct the region of
interest, and the bone quality was observed using CTvox software.

2.15. In vivo blood and organ toxicity analysis

On the 28th day after tooth extraction, 4 mL of blood was taken from
each rat by cardiac puncture for blood analysis (complete blood count
and blood chemistry analysis). Meanwhile, the heart, liver, spleen, lung,
and kidney samples of the hydrogel group were collected and stained
with H&E. The sections were studied using the Pathology slide scanner
(NanoZoomer S60, Japan).

2.16. Histology and immunohistochemical (IHC) analysis

After dehydration, the fixed tissue samples were embedded into the
paraffin and then cut into sections of a thickness of 5 pm for histological
analysis, including H&E, Masson’s trichrome, and Movat’s pentachrome
staining. Histological assessment was performed by two experienced
pathologists, and the representative histological images of each group
were listed.

For immunohistochemical studies, sections (thickness: 5 pm) were
deparaffinized, dehydrated using anhydrous ethanol and washed with
deionized water. Subsequently, the antigen repair was performed using
citrate acid buffer (pH 6.0). To block endogenous peroxidase in the
tissue, the sections were immersed in 3 wt% H30, solution and placed at
room temperature for 30 min. After blocking the nonspecific binding
sites with 3 wt% BSA/PBS solution at room temperature for 30 min, the
sections were incubated overnight at 4 °C with primary antibody (CD31,
1:100). The sections were washed with PBS (pH 7.4) and covered with
secondary antibody (goat anti-rabbit IgG (H + L), 1:200) followed by
incubation at room temperature for 50 min. The sections were then
stained with 3-diaminobenzidine, and the nuclei were stained with he-
matoxylin for about 3 min, then rinsed with water, and finally dehy-
drated and sealed. Immunohistochemical staining images were observed
using the Pathology slide scanner (NanoZoomer S60, Japan). For further
quantitative analysis, the percentage of the positive area was analyzed
using ImageJ.

2.17. Statistical analysis

All the data were processed with GraphPad Prism 9.1.0 and pre-
sented as the mean + S.D. One-way analysis of variance (ANOVA) was
used to determine the significance level between multiple groups, and
the significance level was considered as *p < 0.05, **p < 0.01, ***p <
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0.001, ****p < 0.0001, and not significant (ns) with p > 0.05.
3. Results and discussion

3.1. Synthesis and characterization of the Tetra-PEG hydrogel

Tetra-PEG-SS was synthesized by activating the terminal carboxyl
groups on tetra-armed poly(ethylene glycol) succinic acid with N-
hydroxysuccinimide. As shown in Fig. S1, all the protons were well
assigned in the 'H NMR spectrum, and the integration ratio of the NHS
protons (I) to the methylene protons of the PEG chain adjacent to the
ester group (I,) was close to 2.0, suggesting the successful synthesis of
Tetra-PEG-SS. FT-IR spectrum of Tetra-PEG-SS also revealed the char-
acteristic absorption bands of ester and ether groups at 1735 and 1105
cm ™}, respectively. The Tetra-PEG hydrogel was then formed by rapidly
mixing equal volumes of Tetra-PEG-SS and Tetra-PEG-NHjy precursor
solutions in PBS using a double-barrel syringe (Fig. 1A). A static mixer
with a curved tip was connected to the cylinder syringe to facilitate
homogeneous mixing and allow injection into various extraction sites,
including the narrow, deep, and complex ones. A suitable gelation time
was critical for rapid and efficient hemostatic sealing of the extraction
socket while allowing smooth injection. The gelation time of Tetra-PEG
hydrogel at varying solid contents was characterized by performing the
vial tilting tests after injecting precursor solution into the same volume
of anticoagulated porcine blood. As shown in Fig. 1B and C, the gelation
time decreased significantly from 139 s to 81 s and 40 s as the solid
content increased from 10 wt% to 15 wt% and 20 wt%, respectively.
However, a further increase in solid content to 25 wt% resulted in needle
clogging during injection (Fig. S2). Therefore, the hydrogel made of 20
wt% precursor solution was chosen for further studies.

The porous structure and proper swelling behavior of hydrogel play a

Double syringe system

Injectab?k

Bioactive Materials 37 (2024) 106-118

major role in hemostatic sealing and tissue regeneration, owing to their
contributions to absorbing the blood and excessive exudates, facilitating
the exchange of gas and nutrients, and maintaining a moist healing
environment [47-49]. SEM images revealed the porous structure of the
lyophilized hydrogel due to the sublimation of ice crystals (Fig. 1D). We
further compared the swelling properties of the Tetra-PEG hydrogel in
deionized (DI) water, artificial saliva (AS), and anticoagulated whole
blood (AB) (Fig. 1E and F). The hydrogel absorbed the liquid quickly
within the first 4 h, and the swelling ratios reached the maximum values
of 267.8 + 30.0%, 246 + 22.4%, and 145 + 31.1% after soaking into DI
water, AS, and AB for 12 h, respectively. Excessive swelling can be
detrimental to the mechanical and adhesive properties and cause severe
complications such as cord and nerve compression [3,38]. Notably,
these values were lower than the swelling ratios of the other PEG-based
sealants (up to 400%) [50] due to the highly homogeneous network of
the Tetra-PEG gel, thus reducing the risk of tissue compression.

The hydrogel used for extraction socket sealing should have suffi-
cient mechanical strength to retain the structural and functional integ-
rity under external forces such as chewing, licking, swallowing, and
talking behaviors. The compressive strength of Tetra-PEG hydrogel
before and after soaking in DI water, AS, and AB were studied (Fig. 1G
and Fig. S3). The pristine gel demonstrated a compressive stress of
around 5400 kPa at 90% strain. After swelling equilibrium was estab-
lished, the swollen Tetra-PEG gel remained mechanically strong with a
compressive strength ranging from 380 kPa to 880 kPa. Furthermore, we
assessed the in vitro degradation of the Tetra-PEG hydrogel through in-
cubation in artificial saliva and anticoagulated blood (Fig. 1H). The
hydrogel displayed a slow degradation pattern, with only about 8%
weight loss observed within the first two days. Afterward, the Tetra-PEG
hydrogel degraded quickly and dissolved completely within three days,
originating from the faster cyclization degradation of the unique
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Fig. 1. Preparation and characterization of the Tetra-PEG hydrogel. (A) Photographs of the cylinder syringe with a curved tip that allows convenient injection into
the deep tooth sockets. (B) Photographs of the gelation time testing by injecting the precursor solutions into an equal volume of anticoagulated blood. Taking 20 wt%
solid content as an example (scale bar: 2 cm). (C) The average gelation time of the hydrogels with various solid contents (n = 3). (D) Representative SEM image of the
Tetra-PEG hydrogel prepared with 20 wt% solid content (scale bar: 50 pm). (E, F) Photographs (E) and the average swelling ratios (F) of the hydrogels after being
immersed in deionized water, artificial saliva, and anticoagulated porcine whole blood (n = 5, scale bar: 2 cm). (G) Compressive stress of the Tetra-PEG hydrogels
before and after reaching swelling equilibrium (n = 3). (H) The weight remaining of the hydrogel in anticoagulated porcine whole blood and artificial saliva,
respectively (n = 5). Error bars are small and not visible. All data are presented as mean + S.D. (***p < 0.001 and ****p < 0.0001).
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succinyl ester groups [36].

3.2. Tissue adhesive of Tetra-PEG hydrogel

An ideal intraoral hydrogel sealant should also have high tissue
adhesion to anchor firmly to the wet tissue, maintain hemostatic sealing,
and protect the wound from the external environment. A torsion test was
first performed to determine the adhesive ability of Tetra-PEG hydrogel
on soft tissue. Due to the difficulties in obtaining a larger area of gingival
tissue, fresh and wet porcine palatal mucosa was used as a biological
substrate. As shown in Fig. 2A, the in situ formed hydrogel adhered
tightly to the palatal mucosa surface without any sign of peeling off and
retained its intact structure under bending and twisting stresses,
demonstrating the flexibility of Tetra-PEG hydrogel and the formation of
strong interface bonding. A lap shear test was further conducted to
quantitatively determine the shear strength of the hydrogel (Fig. 2B and
Fig. S4). The newly formed Tetra-PEG hydrogel adhered to the pigskin
and showed a shear strength of 30.3 + 2.5 kPa. When the sample
reached its fully swollen state, the shear strength dropped to
~12.4-18.9 kPa due to the decreased mechanical properties of the
hydrogel, as discussed above. Nonetheless, the fully swollen Tetra-PEG
hydrogel still exhibited a higher adhesive performance than fibrin
glue (~3.9 kPa), one of the most extensively used clinical tissue adhe-
sives (Fig. S5).

{ ' Gingiva tissue
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The microstructure of the adhesion interface was further examined
by SEM and H&E staining [51,52]. The Tetra-PEG hydrogel was
deposited in situ to the rat gingiva and alveolar bone tissues. SEM and
histologic images revealed a tight adhesion between the hydrogel and
the gingival tissue (Fig. 2C and D). Additionally, the entanglements
observed through SEM imaging between the hydrogel and collagen fi-
bers indicated that the free PEG chains infiltrated the tissue matrix
during sol-gel transition, resulting in mechanical interlocking with the
gingiva tissue [4,53]. Similarly, a tight and conformal interface adhesion
was presented between the hydrogel and rat alveolar bone. Thus, the
physical interlocking and the chemical reaction between the residual
NHS groups and underlying tissue amines synergistic contributed to the
favorable adhesive performance of the Tetra-PEG hydrogel.

To demonstrate the sealing stability of the hydrogel, an in vitro
porcine jaw model was built to mimic the dynamic mechanical envi-
ronments (e.g., eating, drinking, and licking) in the oral cavity. Anti-
coagulated porcine blood was first injected into the extraction socket,
followed by sealing with the in situ forming Tetra-PEG hydrogel or GS
(Fig. 2E). The porcine jaw was then immersed in PBS containing rat
food, and the solution was vigorously stirred to induce shear forces.
After soaking for 5 min, a large number of food granules entered the
untreated extraction socket. It was found that the GS was broken within
3 h, and the food granules occurred into the extraction socket. After 48 h
of continuous stirring, the socket in the GS group was filled with food
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Fig. 2. The in vitro adhesive properties and biocompatibility of the Tetra-PEG hydrogel. (A) Photographs of the in situ formation hydrogel onto the porcine mucosal
tissue that suffers from different deformations (scale bar: 2 cm). (B) Lap shear strength of the Tetra-PEG hydrogel in its initial state and after equilibrium swelling in
DI water, AS, and AB, respectively (n = 3). (C, D) The representative SEM (C) and H&E-stained (D) images of the adhesion interfaces between the rat tissues (gingiva
and alveolar bone) and hydrogel (scale bar: 100 pm). In SEM images, the white dotted area represents the fractured hydrogel-tissue interface, and the red circle
indicates the remaining entanglements after freeze-fractured. (E) Comparison of the in vitro sealing abilities of the Tetra-PEG hydrogel and gelatin sponge using a
porcine jaw filled with anticoagulated blood. (F, G) Cell viability (F) and LIVE/DEAD assay images (G) of HGFs and BMSCs against the hydrogel, respectively (n = 5,
scale bar: 300 pm). All data are presented as the mean + S.D.
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granules comparable to that of the untreated one, indicating sealing
failure. In contrast, the hydrogel could withstand the external stresses
with no obvious morphology change and keep the defect from food
debris throughout the observation period up to 48 h. We further eval-
uated the sealing stability of the blood clots using recalcified whole
blood. As shown in Fig. S6, the newly formed blood clots in the control
group detached within just 5 min. The GS ruptured and the food gran-
ules accumulated within the socket after 3 h. Again, our hydrogel
adhesion remained robust after a 48-h observation period. These find-
ings suggested that our Tetra-PEG hydrogel could provide a fluid-tight
sutureless sealing and effectively protect the blood clots within the
extraction socket.

3.3. In vitro biocompatibility

Biologically compatible is the prerequisite for the clinical application
of adhesives. HGFs and BMSCs were selected to evaluate the in vitro
biocompatibility of the Tetra-PEG hydrogel, owing to their essential role
in wound healing and bone regeneration [54,55]. The cells were
co-cultured with the hydrogel extract for three days. The cell viability of
hydrogel tested by CCK-8 assay was higher than 90% for both cell types
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(Fig. 2F). Additionally, LIVE/DEAD cell staining showed normal mor-
phologies and nearly undetectable red fluorescence (dead cells), com-
parable to the control group (Fig. 2G and Fig. S7). These results
confirmed the high biocompatibility of Tetra-PEG hydrogel for potential
oral applications.

3.4. Rapid and coagulation-independent hemostatic sealing

An anterior tooth extraction model was created on the healthy and
anticoagulant-treated SD rats (Fig. 3A). To evaluate the hemostatic
sealing efficacy of Tetra-PEG hydrogel qualitatively, we performed an in
vivo hemostatic assay by measuring the blood loss and time to hemo-
stasis (Fig. 3B-E). CO and GS were used as the control groups. Imme-
diately after the surgery, the CO was applied to the wound site with
continuous manual pressure while the GS was directly inserted into the
bleeding cavity. Fig. 3B showed the hemostatic process in normal rats
after tooth extraction. As shown in Fig. 3D and E, the CO group could
stop the bleeding with an average blood loss of 370 mg and hemostatic
time of 307 s. For the GS group, the accumulated blood loss and time to
hemostasis were reduced to 188 mg and 116 s, respectively. Impres-
sively, the hydrogel group achieved efficient hemorrhage control with
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Fig. 3. In vivo hemostatic efficacy of the Tetra-PEG hydrogel in a rat anterior tooth extraction model. (A) Representative photographs for the establishment of a
heparinized rat anterior tooth extraction model. (B, C) Experimental images of the bleeding after tooth extraction and the hemostatic process using Tetra-PEG
hydrogel, cotton, and gelatin sponge in (B) normal and (C) heparinized rats, respectively. (D, E) Summary of the blood loss and hemostatic time of each sample
in the rat anterior tooth extraction model (n = 6). All data are presented as the mean + S.D. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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remarkably reduced blood loss (38 mg) and hemostasis time (30 s)
compared to the CO and GS groups.

To further assess the hydrogel’s hemostatic capabilities in a more
challenging scenario, we employed a heparinized rat tooth extraction
model, mimicking anticoagulated patients (Fig. 3C). It was found that
the CO group failed to cease bleeding with the application of manual
pressure for over 10 min, as demonstrated by the occurrence of apparent
blood leakage. In addition, the GS-treated group took more than 7 min to
accomplish hemostasis with a total blood loss of 1246 mg. By compar-
ison, our Tetra-PEG hydrogel was capable of halting the post-extraction
hemorrhage under anticoagulated condition with ~80% and ~60%
reduction in hemostatic time and blood loss compared to the GS group,
respectively.

The hemostatic results described above proved the efficacy of our
Tetra-PEG hydrogel in halting post-extraction bleeding, even under the
anticoagulated condition, substantially outperforming the CO and GS
groups. This remarkable hemostatic capability could be attributed to the
fascinating features of Tetra-PEG hydrogel, including the in situ inject-
ability, rapid gelation, instant and tough tissue adhesion, and high
mechanical strength, which could rapidly form an adhesive hydrogel
barrier to seal the wound sites tightly. These results collectively
demonstrated the capacity of Tetra-PEG hydrogel to serve as an inject-
able and coagulation-independent hemostat for halting life-threatening
hemorrhages after tooth extraction.

3.5. In vivo soft tissue wound healing

Having demonstrated the superior hemostatic sealing of Tetra-PEG
hydrogel, we moved on to evaluate the soft tissue defect repair
following tooth extraction in the heparinized rat (Fig. 4A). No stable
blood clots were formed, and blood oozing was observed within the
exposed extraction socket in the CO-treated animal on day 1, which was
due to the coagulation disorder and continuous external disturbances
within the oral cavity. By day 2, granulation tissue was present to fill the
entrance of the socket in the CO group, but a large amount of the newly
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formed granulation tissue fell off on the 4th day, which might induce dry
socket (also known as alveolar osteitis) and severely delay wound
healing. Over the follow-up period for the CO group, the granulation
tissue was rebuilt within the socket, and the defect was gradually closed.
The porous structure of the gelatin sponge could absorb and coagulate
whole blood during hemostasis. Since the initially formed blood clots
were brittle and easily disrupted, the weak mechanical strength of the
sponge was unable to protect the wound from external irritations, thus
resulting in partial loss of the blood clots on day 1. By the following
week, the filled sponge underwent in vivo degradation, as indicated by
the gradual decreases in size, accompanied by soft tissue healing. It
should be noted that the GS detached on day 7, leaving a distinct un-
healed area. As for the hydrogel-treated animals, the hydrogel bio-
adhesive could form a robust adhesion and anchor firmly to the soft
tissue within the first three days. It can be observed that the Tetra-PEG
hydrogel exhibited gradual biodegradation with an almost complete
disappearance on day 4, showing a similar degradation profile to the
above in vitro observation. As the entrapped blood clots were progres-
sively replaced by granulation tissue, the extraction socket closed with
an ignorable gap on day 8. Notably, the soft tissue repaired by the
hydrogel yielded a smoother and more well-defined gingival contour,
whereas the CO-treated defect without filler material healed with
marked soft tissue collapse.

The wound closure area was further characterized to quantitatively
evaluate the efficacy of Tetra-PEG hydrogel during the soft tissue heal-
ing process (Fig. 4B and C). The results in Fig. 4C showed that the
average wound closure ratios were consistently increased for the three
groups. By the 4th day of treatment, 42.3%, 40.0%, and 57.0% wound
closure areas were obtained for the CO, GS, and hydrogel groups,
respectively. The wound closure area of the hydrogel group increased to
80.9% on day 6, whereas the CO and GS-treated defects only healed with
57.3% and 56.1%, respectively. More importantly, we found that the
extraction defect repaired by the hydrogel almost completely closed
with wound closure area up to 99.5% after 8 days, significantly higher
than both CO (83.0%) and GS (79.1%) groups. These findings revealed a
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Fig. 4. In vivo soft tissue wound healing evaluation. (A) Representative photographs of the extraction wound treated with CO, GS, and Tetra-PEG hydrogel in a
heparinized rat (scale bar: 5 mm). (B) Schematic diagram of the extraction wound contraction during the observation period of 8 days. (C) Wound closure area on
days 4, 6, and 8 (n = 3). Quantification of wound closure area (%) was expressed as the percentage of the wound closed relative to the initial size (Day 0). The data

are presented as the mean + S.D. (**p < 0.01).
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superior efficiency of Tetra-PEG hydrogel in promoting tooth extraction
wound healing, which could be explained by the following several fac-
tors. The robust and stable adhesive sealing of the extraction socket by
Tetra-PEG hydrogel in the early postoperative period served as an effi-
cient barrier against complex irritations and was capable of protecting
the blood clots and promoting tissue repair. Besides, the hydrogel can
absorb excess exudate and maintain the wound bed moist to aid wound
healing. Furthermore, the hydrogel degradation at the extraction site
also provided space for the newly formed tissue to avoid impeding
wound closure. By contrast, no statistically significant differences in
wound healing were observed between the CO and GS-treated groups
because of a relatively slow degradation rate of GS and partial loss of the
blood clots.

3.6. Alveolar ridge preservation and in situ bone regeneration

Micro-CT scans were further performed to evaluate the bone regen-
eration after hemostasis, and the representative in vivo three-
dimensional (3D) reconstruction micro-CT images were shown in
Fig. 5A. The surgically created extraction socket displayed a hollow,
smooth, and continuous bone surface without root fractures, suggesting
the successful establishment of the anterior extraction model. Four
weeks after tooth extraction, the newly formed bone tissue was observed
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in each group to repair the alveolar bone defect. Notably, the socket
treated with the hydrogel exhibited a smoother and denser alveolar bone
surface compared to the CO and GS groups after 28 days.

To quantitatively assess the level of bone resorption, the relative
dimensional changes in the alveolar ridge height and width at the
lingual and labial sides as compared with the untreated adjacent tooth
were measured. As shown in Fig. 5B and D, the average reduction in the
lingual and labial heights of the hydrogel group was 3.9% and 6.1% at
day 28, significantly lower than the CO and GS groups (~11.5% and
~29.2% reduction, respectively). A similar trend with a lower change in
the alveolar ridge width was also observed for the hydrogel group
(Fig. 5C and E). These results demonstrated that the Tetra-PEG hydrogel
could effectively reduce the morphologic alteration of the alveolar ridge
and displayed superior alveolar ridge preservation compared to CO and
GS after tooth extraction.

The representative micro-CT coronal and sagittal sections were
shown in Fig. 6A and B, and the percentage of new bone area in the
extraction socket was quantified (Fig. 6C and Fig. S8). By the seventh
day after extraction, the average neo-bone area was determined to be
14.8% for the hydrogel group from the coronal plane view, 2.3-fold
greater than that in the CO (4.7%) and GS (6.3%) groups. The per-
centage of the new bone area increased over time, and 53.0% was ob-
tained for the Tetra-PEG group after four weeks. This value was also
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Fig. 5. Micro-CT analysis of the alveolar socket repair and alveolar ridge preservation. (A) Representative micro-CT images illustrating the alveolar socket
immediately after tooth extraction (day 0) and the repaired alveolar socket after 28 days (top, scale bar: 6 mm). High-magnification views of the extraction site are
presented (bottom, scale bar: 2 mm). (B, C) Changes in alveolar ridge height (B) and width (C) on day 28 (scale bars: 3 mm and 2 mm, respectively). Height reduction
at the lingual and labial side was calculated as (1-Hy/H;) x 100% and (1-H4/H3) x 100%, respectively; Width reduction at the lingual and labial side was calculated
as 1-(Wy/W7) x 100% and 1-(W4/W3) x 100%, respectively. (D, E) Quantification of the decreased alveolar ridge height (D) and width (E) for the lingual and labial

regions (n = 3). The data are presented as the mean + S.D. (*p < 0.05).
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Fig. 6. In situ bone regeneration in a rat anterior tooth extraction model. (A, B) Representative coronal (A, scale bar: 2 mm) and sagittal (B, scale bar: 3 mm) sections
of the rat anterior defect repaired by the CO, GS, and hydrogel on the 7th and 28th day after surgery. (C) Quantification of the relative percentage of new bone area in
the extraction socket from the coronal images (n = 3). (D) 3D micro-CT reconstructions of the repaired bone defects at 7 and 28 days (scale bar: 3 mm). (E, F)
Measurement of the BMD and BV/TV from 3D micro-CT reconstructions (n = 3). All data are presented as the mean + S.D. (*p < 0.05, **p < 0.01, and ***p < 0.001).

much higher than those in the other two groups. Furthermore, the newly
formed bone tissue in the CO and GS groups was mainly presented
around the socket on day 28, with very little bone formation observed in
the central region. In contrast, the Tetra-PEG hydrogel could induce a
higher occupied area and more uniform distribution of the newly formed
bone throughout the defect. Similarly, our Tetra-PEG adhesive also
achieved a significant improvement in the new bone area (7.0% and
49.5%) compared to the CO (4.2% and 31.9%) and GS (4.9% and 33.7%)
groups from the sagittal section on days 7 and 28, respectively (Fig. S8).

The 3D reconstruction images of the extraction socket revealed that a
few new bone tissues formed and scattered in the defect area for all
groups at 7 days. The hydrogel-treated defect consistently exhibited the
highest level of bone regeneration, as evidenced by the significantly
greater X-ray radiopacity (Fig. 6D). To further characterize the bone
quality, histomorphometric parameters such as bone mineral density
(BMD) and bone volume/total volume (BV/TV) were calculated. Higher
BMD and BV/TV values indicated better bone quality regarding me-
chanical strength and volume fraction, respectively. As depicted in
Fig. 6E and F, the Tetra-PEG hydrogel induced a greater BV/TV
compared to the CO and GS groups after 7 days, but no significant dif-
ferences were observed in the BMD. By day 28, the BV/TV and BMD
increased in all groups, with the hydrogel group showing 1.4- and 1.5-
fold higher values than the CO and GS groups, respectively. These
findings suggested that the use of Tetra-PEG hydrogel as a tooth
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extraction wound sealant could significantly enhance alveolar ridge
preservation, promote in situ bone regeneration, and improve bone
quality compared to CO and GS.

3.7. Histomorphological and immunohistochemical evaluation

Histological examinations, including H&E, Masson’s trichrome, and
Movat’s pentachrome staining of the decalcified tissue sections, were
further conducted to evaluate the process of bone formation within the
extraction socket (Fig. 7). H&E staining provided an overall view of the
bone morphology, microstructure, and inflammatory information. The
bone tissue with a compact structure was stained with dark pink, and the
blood clot consisted of red blood cells represented as red aggregates,
while the connective tissue consisted primarily of collagen fibers and
cells stained with light pink (Fig. 7A). Seven days after extraction,
fibrous tissue was predominated in the CO group with apparent in-
flammatory cell infiltration, and the newly formed bone tissue with
disconnected trabeculae mainly occurred in the marginal region. The GS
group displayed a relatively large hole containing remnant blood clots
on day 7, likely due to the detachment of the filled sponge. Surrounding
the hole, connective tissue had occurred, and the newly formed bone
was scattered near the alveolar wall, along with the invasion of some
inflammatory cells. Notably, in the hydrogel group, the hydrogel was
completely degraded after one week and a large amount of woven bone
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Fig. 7. Histomorphological and immunohistochemical analysis of socket healing and bone formation. (A-D) Representative H&E (A), Masson’s trichrome (B),
Movat’s pentachrome (C) staining and immunostaining for CD31 (D) of the rat anterior extraction socket treated with CO, GS, and Tetra-PEG hydrogel after 7 and 28
days. A higher-magnification view is shown below. The blue triangle, red star, and blue arrows in H&E staining images indicate the presence of new bone area,
fibrous tissue, and blood clots, respectively. In Masson staining images, the black arrows represent the mature bone. In Movat staining images, the red arrows
represent the active osteoblasts (top, scale bar: 400 pm; bottom, scale bar: 100 pm). (E-H) Quantification of the relative new bone area (E and G, derived from H&E
and Movat staining images, respectively.), collagen deposition (F), and CD31-positive capillaries (H) from the representative histological and immunohistochemical
histomorphological images of the extraction socket treated with CO, GS, and Tetra-PEG hydrogel (n = 3). All data are presented as the mean + S.D. (*p < 0.05, **p <

0.01, ***p < 0.001).

occurred to fill the extraction socket from the marginal region with
compact and connected trabeculae, which radiated toward the center of
the socket. Besides, residual blood clots were dispersed throughout the
extraction socket, and no apparent inflammatory response was
observed. After four weeks, all groups exhibited increased bone forma-
tion with almost no inflammatory response. The connective tissue pri-
marily filled the socket with only a small number of bone islands
observed in the marginal area in the CO group. In the GS group, the new
bone formation was localized to the region around the hole. In contrast,
most of the defect area in the hydrogel group was healed by sufficient
new bone tissue. Further quantitative analysis showed a much higher
new bone area percentage in the Tetra-PEG group than the others,
consistent with the above micro-CT results (Fig. 7E).

Since collagen is the principal organic constituent of bone matrix,
collagen deposition is a key factor in bone remodeling with a positive
correlation to bone healing [56,57]. Masson staining was further per-
formed to evaluate the collagen deposition and new bone formation
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(Fig. 7B). After 7 days, both the CO and GS groups showed predomi-
nantly loose connective tissue and a small amount of strip-like new bone
formation. Compared to the other two groups, the collagen fibers were
more abundant in the hydrogel group, which extended from the wall
toward the center of the socket. Besides, loose connective tissue was
present, and primary trabeculae were aligned upon the collagen fibers to
form a preliminary framework on which bone modeling proceeded. By
day 28, dense fibrous connective tissue was formed in the CO and GS
groups, and the bone trabeculae were found mainly concentrated in the
marginal area with a limited number of matured ones. For the Tetra-PEG
hydrogel group, the defect was healed with abundant thick, dense, and
connected trabecular bone. The Haversian canals and blood vessels were
detected in the newly formed bone tissue, and the collagen fibrils were
organized in a helical pattern, demonstrating a regular bone formation
in the hydrogel-treated socket. Notably, the presence of red staining
confirmed mature bone formation. Quantitative analysis of the total
collagen deposition indicated that more collagen was generated in the
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hydrogel group during the observation period, confirming the positive
effect of the Tetra-PEG hydrogel on bone healing (Fig. 7F).

Movat’s pentachrome staining was further conducted to identify
different tissue types. The results in Fig. 7C revealed the presence of
abundant fibrous connective tissue and fewer newborn bone trabecula in
the CO and GS groups on day 7. In contrast, the hydrogel group showed a
higher level of bone trabecula formation, and substantial osteoblasts
were located around the newly formed bone. Besides, the bone tissue
was also surrounded by a layer of new osteoid that was not yet calcified.
On day 28, the CO and GS groups displayed limited bone formation,
mostly in the margins, with few osteoblasts or osteoid presented.
However, the socket sealed by hydrogel was repaired with adequate new
bone tissue that comprised a mixture of lamellar and woven bone. Bone
formation was active in the hydrogel group, as demonstrated by the
presence of osteoblasts in a cuboidal or fusiform shape, as well as the
formation of small vessels. In addition, the quantitative analysis showed
a significantly higher new bone formation in the hydrogel group
compared to the CO and GS groups, consistent with the above H&E and
Masson staining (Fig. 7G).

The new blood-vessel formation and establishment of the vascular
network, which can supply oxygen, minerals, and nutrients necessary
for mineralization, are crucial steps in bone healing [58,59]. We then
evaluated the angiogenesis by immunohistochemical staining of CD31, a
specific marker of endothelial cells, for further analysis. As shown in
Fig. 7D and H, the hydrogel group displayed a remarkably higher
expression level of CD31 with more vascularized connective tissue and
increased microvessel density as compared to CO and GS groups one and
four weeks after extraction, demonstrating the promotion of bone
regeneration by hydrogel through enhancing new blood vessels forma-
tion. Furthermore, no signs of organ and systemic toxicity were found
for the rats in the hydrogel group from the H&E staining and blood
analyses four weeks after implantation (Fig. S9).

The histomorphological results revealed that Tetra-PEG hydrogel
could effectively accelerate bone healing in extraction sockets with
suppressed long-term inflammation, elevated collagen deposition,
higher osteoblast activity, and enhanced angiogenesis compared to the
CO and GS groups. These findings could be attributed to several factors.
First, the injectable Tetra-PEG hydrogel could be filled into the deep
socket and rapidly in situ self-gelation to achieve quick hemostatic
sealing independent of blood condition while serving as a robust phys-
ical barrier to protect the socket from oral irritants, thus reducing the
risk of postoperative complications. Second, the hydrogel absorbed
blood and stabilized the blood clots in the extraction socket. The
resultant hydrogel and hematoma complex were expected to act as a
scaffold to support cell function and tissue growth, as well as offer a
sustained release of growth factors and cytokines for bone repair during
the initial healing stage. Moreover, the excellent biocompatibility and
appropriate degradation behavior of the Tetra-PEG hydrogel could
induce less inflammatory infiltration and result in more organized and
completed bone formation. However, as for the anticoagulant bleeding
defect treated by CO or GS, the blood clots failed to form promptly or
were partially lost in the early period after tooth extraction, which ul-
timately resulted in significantly delayed wound healing.

4. Conclusions

In this article, we have described the use of an injectable Tetra-PEG
hydrogel as a sutureless and anticoagulant-independent bioadhesive for
the management of dental extraction, which was capable of achieving
rapid gelation, firm tissue adhesion, high mechanical strength, appro-
priate degradability, and excellent biocompatibility. The rapid and
robust adhesive sealing of the extraction socket by Tetra-PEG hydrogel
could provide reliable protection for the defect while stabilizing the
blood clots and supporting wound healing. The in vivo rat tooth
extraction model with anticoagulation agent validated the efficacy of
Tetra-PEG hydrogel in bleeding control, soft tissue wound closure,

117

Bioactive Materials 37 (2024) 106-118

alveolar ridge preservation, and in situ bone regeneration, superior to
that of the widely used cotton and gelatin sponge. We further demon-
strated that the Tetra-PEG hydrogel could accelerate bone healing
through suppressed long-term inflammation, elevated collagen deposi-
tion, high osteoblast activity, and enhanced angiogenesis. Taken
Together, this study highlighted the advantages of Tetra-PEG hydrogel,
making it a promising injectable bioadhesive for post-extraction hem-
orrhage control and socket repair, particularly in patients receiving
anticoagulant therapy.
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